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| INTRODUCTION
The importance of sustainability in aquaculture is increasing. One aspect of sustainability is maintaining optimal water quality in combination with minimizing waste discharge to the surrounding environment. This is also the case for striped catfish (Pangasianodon hypophthalmus, Sauvage, 1878) culture in Vietnam (De Silva & Phuong, 2011; De Silva et al., 2010; Phan et al., 2009) . Management of water quality in the ponds is performed by water exchanged. Shortly after stocking of striped catfish, the frequency of water exchange is daily to weekly and increases to twice daily close to harvesting (Phan et al., 2009 ). More than 60% of the farms in the Mekong area discharge this water directly into rivers (Phan et al., 2009) . Managing faecal waste is an important tool to control waste discharge. This can be performed by increasing the digestibility of the feed and/or improving the characteristics of the egested faeces. When the digestibility of a feed increases, less faeces is produced. Altering the properties of the egested faeces may enable an easier and more complete removal of the faecal pellet from the water. Earlier studies on digestibility of ingredients in striped catfish (Da, Lundh, & Lindberg, 2012; Hien, Phuong, Le TU, & Glencross, 2010 ) focused on nutrient uptake and not on faecal waste aspects.
Studies in trout (Brinker, 2007 (Brinker, , 2009 Brinker, Koppe, & Rösch, 2005) and Nile tilapia (Amirkolaie, El-Shafai, Eding, Schrama, & Verreth, 2005 ; Amirkolaie, Verreth, & Schrama, 2006; Schneider et al., 2004) demonstrated that both the characteristics of the faecal pellet (e.g., the stability and removal efficiency from the water) and the amount of faeces produced were affected by the dietary composition.
More specifically, binders that alter the dietary viscosity like soluble non-starch polysaccharides (NSPs) of which guar gum (GG) is an example have been used to improve the removal efficiency of faeces (Sinha, Kumar, Makkar, De Boeck, & Becker, 2011) . Brinker et al. (2005) found that the inclusion of GG increased the stability of faeces in trout. However, in Nile tilapia, GG leads to an opposite effect as it decreased the faecal recovery efficiency (Amirkolaie, Leenhouwers, Verreth, & Schrama, 2005) . It has also been shown that the (negative) impacts of GG are dose dependent, for example, on growth (Janphirom, Chaiprasert, Thongthieng, Suwannathep, & Songkasiri, 2010) ; digestibility (Refstie, Svihus, Shearer, & Storebakken, 1999; Storebakken, 1985) ; nutrients absorption (Smits, Veldman, Verkade, & Beynen, 1998; Van der Klis, Verstegen, & Van Voorst, 1993) ; gastric emptying (Shiau, Yu, Hwa, Chen, & Hsu, 1988) ; and the properties of the chyme like viscosity osmolality, pH and the moisture content (van der Klis, Van Voorst, & Van Cruyningen, 1993) . Information on the impact of dietary viscosity (e.g., by inclusion of GG) on digestion and faecal waste characteristics in striped catfish is lacking.
Another way to alter the digestibility in fish is to vary the processing conditions of the feed ingredients (e.g., grinding screen size).
Regarding particle size after grinding, there is no information on the impact of the characteristics of the faeces in fish generally or in striped catfish specially. We hypothesized that the impact of dietary viscosity (e.g., by GG inclusion) to produce stable faeces is dependent on the particle size of the undigested material in the faecal pellet.
This study assessed the effect of ingredient particle size (by altering screen size at grinding) and the dietary viscosity on feed digestibility, fish performance, intestinal dry matter (DM) content and on viscosity, type of faeces (recovered and non-recovered) and particle sizes of faeces produced by striped catfish.
| MATERIALS AND METHODS

| Experimental diets
The experiment lasted 52 days and was conducted in a 2 × 3 factorial protocol with three replications for each treatment. The experiment aimed to investigate the effect of two screen sizes during grinding of the feed ingredients and of three different dietary viscosity levels. The two screen sizes were 0.8 mm (fine) and 1.0 mm (coarse). The three dietary viscosity levels were created by adding 0, 3 or 6 g/kg GG to a basal diet.
This basal diet mimicked a practical striped catfish diet. It contained fishmeal, soybean meal, rice bran, defatted rice bran, cassava and sunflower meal as main ingredients and carboxyl methyl cellulose (CMC) as a pellet binder (Table 1) . GG was exchanged by CMC in the basal diet. The chemical composition of the diets is given in Table 2 . One batch of the basal ingredient mixture was grinded with a hammer mill (manufactured by Stolz, France, and operated at Vinh Hoan Co. in 2007) using the mesh size 1.0 mm. Half of this grinded mixture was used to make the three "Coarse" treatments: C-GG0, C-GG3 and C-GG6 with, respectively, 0, 3 and 6 g/kg GG inclusion. The other half was then grinded using a mesh size of 0.8 mm to make the three "Fine" treatments: F-GG0, F-GG3 and F-GG6. After grinding, ingredient mixture for each treatment was weighed and then vitamin-mineral, marker-Cr 2 O 3 , GG, CMC and fish oil were added. These mixtures were extruded through the 3-mm die resulting in approximately 4.5-mm-diameter pellets (the extruder was designed and manufactured by the Centre of Technology Research and Application, College of Engineering Technology, Can Tho University in 2010) and thereafter dried at 60°C for 24 hr followed by sieving and storage in a freezer until feeding. The particle size distribution of the "Fine" mixture (0.8 mm screen) was 1.0%, 20.4% and 78.6%, and of the "Coarse" mixture (1.0 mm screen) was 4.2%, 27.1% and 68.7%, for, respectively, the size classes of >0.5, 0.3-0.5 and <0.3 mm. The meal mixtures prior to extrusion and the extruded pellets were sampled and analysed for viscosity.
| Experimental system and animals
Striped catfish (Pangasionodon hypophthalmus) juveniles with an initial body weight of 82 g were bought from a local hatchery. The fish T A B L E 1 The amounts (in g/kg) of ingredients used in the basal diet to test three levels of guar gum (x): 0, 3 and 6 g/kg were a mixed sex population. The juveniles were randomly distributed into 18 plastic digestibility tanks (Allan, Rowland, Parkinson, Stone, & Jantrarotai, 1999) of 170 L; each tank contained 20 fish. The tanks were filled for 80% with water and were aerated with one air stone per tank. The water flow over each tank was set at 3 L/min. Tanks were connected to a semi-recirculation system. During daytime, half of the outflowing water per tank was replaced by de-chlorinated tap water, which had been stored in a 2-m 3 tank with continuous aeration.
The digestibility tanks had two main parts: a cylindroconical tank with underneath a settling unit, according to Allan et al. (1999) . The first one contained the fish and the second one was for settling of faeces which were collected in a container submerged in ice to prevent bacterial decay of the collected faeces. One difference with the original model was that the 6-mm mesh at the bottom of the holding tank was removed. During feeding, the outlet was closed by a plastic tube (50 mm diameter) to prevent feed from leaving the holding unit in order to give the fish sufficient time to consume the pellets. Thirty minutes after giving the last feed, uneaten floating pellets were collected by nets and the tube was removed.
The photoperiod regime was approximately 12-hr light and 12-hr dark. Water quality was checked daily and maintained for temperature (28-31°C), pH (7.4-7.7), oxygen concentration (5.5-6.4 ppm) and
water flow (3 L/min). Total ammonia nitrogen (0.1-0.3 mg/L) and NO − 2 -N (0-0.02 ppm) were measured and monitored weekly.
| Experimental procedure
Prior to the experiment and before stocking in the digestibility tanks ( Figure 1 ), the fish had been fed a mixture of the experimental diets for 2 weeks to allow adaptation to the dietary ingredients. Fish were individually weighed at the start and end of the experimental period.
During the 52-day experimental period, the fish were fed one of the six experimental diets at 2% of their body weight. Striped catfish are very stress sensitive and react quickly to noise and human interference. To minimize disturbance, fish were fed once daily at 09:00 a.m.
Faeces collection started from week 3 (i.e., after 21 days of rearing)
onwards. Faeces were collected daily from 1 hr after feeding until 1 hr prior to the next feeding. The 250-ml container was pooled per tank into an aluminium tray and stored in the freezer until analysed. Thirty minutes after ending the feeding, spilled and refused feed by the fish were collected from the container under each tank. This uneaten feed was dried at 60°C for 24 hr and weighed.
On the final sampling day, 8 hr after feeding, the fish were caught by net from each tank and then anaesthetized by immersion in a solution of benzocaine (1 g) in 3 ml of acetone then diluted with fresh Coupling water up to 10 L. The temperature of the solution was maintained at approximately 20°C by adding ice to the larger container in which we placed the immersion bucket. After 10 min of immersion, all fish were individually weighed. Eighteen sedated fish from each tank were put in ice water (2:1) until dead for dissection and collection of the digesta in the gastrointestinal tract (GIT). Before and after dissection, every fish was weighed. Each GIT was divided into four segments: stomach and three equal parts representing for proximal, mid and distal gut. One part of the pooled digesta samples were centrifuged at 12,000 g for 10 min. Viscosity in pellets after grinding and diet mixtures (prior to extrusion) was performed according to Leenhouwers, Adjei-Boateng, Verreth, and Schrama (2006) . One gram of these samples was mixed with 4 ml of demi water, incubated for 30 min at 28°C and thereafter centrifuged at 12,000 g for 10 min. Afterwards, we immediately measured the viscosity of the supernatant of each sample by Brookfield LVDV-II + cone/plate viscometer (Leenhouwers et al., 2006) . Absolute viscosity was expressed in cP. The other part of the pooled digesta samples was dried and determined the percentage of DM. Here only data on DM and viscosity in the distal part are presented.
| Sample analysis
About 10 g of each feed was sampled weekly during the experimental period. The faeces samples were dried at 60°C for 24 hr. Both kind of samples were then ground by a coffee blender and stored in the freezer until analysis. The chemical analyses were carried out in triplicate, except for gross energy that was determined in duplicate.
According to standard laboratory methods (AOAC, 2000) , the moisture content was determined by drying in the oven at 105°C until constant weight; crude protein (N × 6.25) content following the Kjeldahl method; mineral (ash) content by placing in the furnace at 560°C for 4 hr; and crude fat content by solvent extraction. The carbohydrate content in the sample was calculated by the equation 100 -(crude protein + crude ash + crude fat). The gross energy was directly analysed by a bomb calorimetry meter (Parr C6100, USA). The chromic oxide content was measured by a spectrophotometer at the wave length 350 nm after digestion of the samples by nitric acid and then oxidation with per-chloric acid (Furukawa & Tsukahara, 1966) .
| Calculations and statistical analysis
The apparent digestibility coefficient of nutrient (Nutrient.ADC), such as DM, crude protein, crude fat, carbohydrate, crude ash and gross energy, was revealed by an indirect method using chromic oxide as inert marker (Cho & Kaushik, 1985) :
where the marker diet is concentration (g/100 g dry weight) of chromium oxide in the diet. The marker faeces is concentration (g/100 g dry weight) of chromium oxide in the faeces. The nutrient diet is concentration (g/100 g dry weight) of nutrient in the diet. And nutrientfaeces is concentration (g/100 g dry weight) of nutrient in the faeces.
The initial and final mean weights of the fish were determined by weighing and counting the total number of fish in each tank. Daily The faecal waste consists of the recovered faeces plus the nonrecovered faeces. The total amount of faeces produced was computed based on the DM digestibility. The amount of non-recovered faeces is the difference between the faeces recovered from the settling tanks and the calculated amount of total faeces produced.
All results were introduced in a database (MS-Excel ® ), and mean and standard deviations of each treatment were calculated. The data available as percentage were transformed into ASIN results. After that, all data were checked for normal distribution using the One-Sample
Kolmogorov-Smirnov test and for homogeneity of variances using
Levene's test. Differences between the six treatment diets and the interactions between the two factors were determined by a two-way factorial ANOVA using SPSS 16.0 ® .
| RESULTS
The viscosity of the diets was measured in samples taken before and after extrusion (Figure 2 ). In the diets, part of the CMC was exchanged by increasing levels of GG. Increasing the dietary GG content resulted in an increased viscosity. This response differed between the grinding size treatments. The increase in viscosity was larger in the "Coarse" diets Nutrient.ADC = 1 − Marker diet × Nutrient faeces Marker faeces × Nutrient diet than in the "Fine" diets. Moreover, the viscosity in the "Coarse" and "Fine" treatment without CMC and GG addition was equal. Extrusion reduced the viscosity compared to the meal mixtures, but the trends and differences between the dietary treatments remained present.
The apparent digestibility coefficient (ADC) of crude protein, crude ash and gross energy differed (p < .05) among GG levels and was not affected by grinding treatment (Table 3) . However, the differences in digestibility between animals receiving diets with and without GG were significant. The interaction between grinding treatment and GG levels was significant (p < .05) for the ADC of crude ash. The screen size affected the ADC of DM and carbohydrate (p < .05). In general, the "Coarse" diets had a higher ADC than "Fine" diets.
The interaction between grinding treatment and dietary GG levels was present for final mean weight, weight gain and feed conversion ratio (p < .05; Table 4 ). Inclusion of GG negatively affected the performance. However, the interaction effect demonstrated that this impact of GG was dependent on the grinding treatment. At the "Fine" grinding treatment, the negative impact of GG was less strong (Table 4 ).
The DM level of digesta from the distal gut was significantly affected (p < .05) by the GG inclusion level (Table 5 ). GG inclusion in the diet decreased the DM content. Although not significantly, the viscosity of the distal gut content increased numerically with increasing GG levels.
The GG levels significantly affected faecal recovery (Figure 3a ), total faeces produced and non-recovered faeces (Figure 3b,d) . The percentage of faecal recovery decreased with the increase in GG levels (p = .021). The trend in the amount of total faeces produced and non-recovered faeces (p = .001) was similar. However, the inclusion of GG tended to improve the particle size of faeces, but the effect was not significant (Figure 4) . The grinding treatment did not affect any of the faecal waste characteristics.
| DISCUSSION
| Feed digestibility, fish performance and amount of faecal waste
Replacement of CMC by GG in the basal diet increased the dietary viscosity (Figure 2) . The results show that ADC of nutrients in striped catfish was influenced by dietary viscosity (i.e., GG inclusion). The highest digestibility values are found in the diets without GG. Concomitant with the digestibility results, also the performance was negatively affected with increasing dietary viscosity. This corroborates with data from literature. In a study on rainbow trout, Storebakken (1985) showed that the ADC of protein and fat started F I G U R E 2 Effect of guar gum (GG) inclusion level and grinding scenes size ("Fine" versus "Coarse") on dietary viscosity of ingredient mixtures prior to extrusion (panel a) and pellets after extrusion (panel b). GG0, GG3 and GG6 are diets containing 0, 3 and 6 g GG/kg of diet; GG is exchanged for carboxyl methyl cellulose (CMC) in the diets. "Meal" in panel a revers to ingredient mixtures without GG and CMC GG0 G G3 GG6 The effect of grinding screen size (i.e., particle size of DM feed mass) and guar gum levels on the apparent digestibility coefficients of nutrients (mean ± SD) of striped catfish fed the experimental diets 
After extrusion
The effect of grinding screen sizes and guar gum levels on particle size distribution of faeces. p Values of grinding screen sizes, GG levels and interaction are .825, .111, .893 for the particle bigger than 2 mm and .922, .241, .789 for another particle, respectively The effect of grinding screen sizes and guar gum levels on the growth, survival rate and feed conversion ratio (mean ± SD) of striped catfish fed the experimental diets Grinding screen sizes Guar gum levels (g/kg)
Initial mean weight (g per fish)
Final mean weight (g per fish)
Daily weight gain (g per fish per day)
Feed conversion ratio
Survival rate (%) to reduce already at 20 g/kg GG in the diet, while fish final weight and feed efficiency was decreased at 100 g/kg GG in the diet.
Negative effects of GG on performance were also found in African catfish (Leenhouwers et al., 2006) and in Nile tilapia (Amirkolaie, Leenhouwers, et al., 2005) .
Comparison of literature shows that the effects of dietary GG levels on digestibility and performance differ among fish species. Just 0.1 g of GG/kg diet, for instance, already caused a lower growth in snakehead (Janphirom et al., 2010) . On the other hand, African catfish did not show any difference in performance when GG was added up to 80 g GG/kg diet (Leenhouwers et al., 2008) . In the case of rainbow trout, small fish (e.g., 43 g of body weight) were more severely affected by GG than large fish (e.g., 642 g of body weight) (Brinker, 2009 ). Negative effects of GG are also documented in broiler chickens fed maize diets which included 0 to 3 g/kg GG (Maisonnier, Gomez, & Carré, 2001) .
Overall, the variability between fish species in the response to dietary GG inclusion is large. Part of this variability is most likely due to experimental design factors such as age of fish, dietary inclusion level and basal diet composition. For example, the current study demonstrated that the impact of dietary GG inclusion of on dietary viscosity dependents on grinding procedure. In a coarsely grinded mixture, the increase in viscosity was larger with inclusion level of GG compared to a finely grinded mixture (Figure 2a ). Moreover, also the process technique and conditions might play a role. The current study shows that extrusion decreased the viscosity compared to the mixtures prior to extrusion. Similarly, it can be hypothesized that studies on dietary viscosity might have different outcomes between, for example, steam pelleting (Amirkolaie et al., 2006) versus extrusion in (Brinker, 2009 or current study). But for sure part of the variance will be due to species differences. Factors that might have an impact are the pH in the stomach, being very low in, for example, Nile tilapia (Saravanan et al., 2013) ; microbial activity in the intestine as hypothesized by Amirkolaie (2005) especially in warm water fish species; and anatomical/morphological difference of the gastrointestinal tract (e.g., stomachless fish). This topic deserves more research on understanding the species differences.
Guar gum, a soluble NSP, is hardly digested by aquatic species.
In general, NSP is indigestible because of the absence of intestinal enzymes for degrading NSPs such as β-glucanases and β-xylanases (Kuz'mina, 1996) . This inability of NSP digestion often goes together with a decrease in digestion and absorption of other nutrients like protein, lipid (Smits et al., 1998) and minerals (Sinha et al., 2011) . It is suggested that undigested NSP can hinder the effectiveness of endogenous enzymes by binding or reduced mixing of chyme because of increased viscosity. Therefore, the supplementation with NSP-degrading enzymes may improve the digestibility, not only of the NSP, but also of the other nutrients (Stone, Allan, & Anderson, 2003) and thereby also performance (Ai et al., 2007) .
Apart from affecting endogenous enzyme efficiency, the viscosity or gelling property of a diet (by inclusion, e.g., GG or other soluble NSPs) can also accelerate the release and losses of endogenous products such as bile acids, enzymes and mucus and may even cause the shedding of the mucosa layer thus increasing the excretion of these products. Secondly, the viscosity can also limit the distribution of digestive enzymes throughout the substrates. This leads to increased losses of nutrients through the faeces. Third, viscosity can also alter gut morphology, for example thicken the unstirred water layer adjacent to the mucosa, and thus reduce the absorption of hydrolysed nutrients (de Lange, 2000) . Lastly, an interaction occurs between various components of NSP and minerals in the chyme, so that it reduces the absorption of the minerals (Sinha et al., 2011) . This effect was reported in studies on broiler chickens fed CMC which is known as a soluble NSP (van der Klis, Verstegen, et al., 1993) . Rye, which has a high NSP content, prevented the absorption of Ca, Mg, Na and P in African catfish (Leenhouwers, ter Veld, Verreth, & Schrama, 2007) . In Nile tilapia, it decreased only Na absorption (Leenhouwers, Ortega, Verreth, & Schrama, 2007) . Soy products caused the loss of extra Na in the faeces of Atlantic salmon (Storebakken et al., 1998) . The current study confirms the latter, because GG addition (i.e., NSP supplementation)
affected the ADC of non-NSP nutrients, protein and ash, in the diet.
Regarding the effect of the grinding size of the ingredients, this study indicated that a coarse grinding increased the ADC of DM and carbohydrate. However, regarding FCR the impact of grinding size depended on the dietary viscosity. At the GG0 treatment, there was no difference in FCR paralleling the equal measured dietary viscosity ( Figure 2) . While at the other GG treatments, coarse grinding increased the FCR. Results of earlier studies on how particle size of ingredients affects animal digestibility are conflicting. For example, fine grinding (3-mm hammer-mill screen) elevated ADC of gross energy in pigs compared to coarse grinding with 6-mm screen (Callan, Garry, & O'Doherty, 2007) . Another pig study demonstrated higher ADCs when using a 3.0-mm compared to a 2.5-mm screen mesh with grinding (Moreira et al., 2009 ). The ADC of crude protein increased when the grinding screen size increased from 2.0 to 3.0 mm, but it was reduced at a screen size of 3.5 mm (Moreira et al., 2009) . The improvement of digestibility may result from the increase in the uniformity and the surface area of ingredients (Callan et al., 2007) . However, within the range of grinding sizes which are appropriate for an animal at a certain growth stage, the coarse diets enlarged the intestinal crypts (both in height and volume) more than fine diets did. This caused not only a better protection against intestinal infections (Brunsgaard, 1998) but also a better nutrient absorption. Moreover, Callan et al. (2007) reported that fine diets improved feed efficiency because of a decrease in feed wastage.
Due to the digestibility effects, there was a difference in the amount of faecal waste produced. The more nutrients were digested, the less amount of faeces was produced. In the current study, increasing dietary viscosity induced striped catfish to produce more faeces.
This is in accordance with research on Nile Tilapia where 80 g GG/kg of diet increased the amount of faecal waste (Amirkolaie, Leenhouwers, et al., 2005) .
| Faecal waste
This study revealed that increasing dietary viscosity significantly decreased the DM content of faeces, the percentage of faeces recovery and the amount of recovered faeces but increased the amount of total faeces produced. In addition, inclining dietary viscosities also seemed to elevate the viscosity of digesta in the distal intestine and particle size of the faecal waste in this catfish, but these results did not show any significant difference between treatments. This tendency of an increased viscosity in the proximal intestine by dietary inclusion of GG was also found in the research on tilapia (Amirkolaie, Leenhouwers, et al., 2005) .
GG is a galactomannan which contains linear chains of β-(1→4) mannan. It is water-soluble and able to absorb water (Sinha et al., 2011) ; this may have resulted in the increased water content in the faeces of striped catfish. In addition, GG is highly viscose and has been shown to increase digesta viscosity in the proximal intestine (Amirkolaie, Leenhouwers, et al., 2005; Leenhouwers et al., 2006) .
However, in the current study, despite the reduced DM content of the digesta in the distal intestine of striped catfish, no effect on viscosity was found. The absence of a difference in viscosity in the current study might be due to stimulation of fermentation with increasing GG levels. The fermentation of carbohydrates occurs which is indicated by increased levels of volatile fatty acids in the distal part of the intestine in broiler (van der Klis, or in fish like Nile tilapia (Leenhouwers, ter Veld, et al., 2007) and African catfish (van der Klis, Leenhouwers, ter Veld, et al., 2007; Sinha et al., 2011) . The enhanced fermentation may have neutralized the viscose properties of GG and thereby its positive impact on faecal stability through binding the faecal pellet together.
Before starting the experiment, it was expected that increasing faecal stability would be reflected in larger faecal pellets and that these larger faecal pellets would be more efficiently removed from the water. The current study showed that increasing dietary viscosity by GG inclusion in the diet reduced the faecal removal efficiency in the experimental units. However, diets did not affect the size of faecal pellets. Numerically, there was a tendency for an increased faecal pellet size with increasing dietary viscosity levels. This observation might be due to the fact that in the current study, the contrasts in dietary viscosity levels were not large enough because GG was placing CMC in the diet. The absence of a relation between faecal pellet size and recovery efficiency might also be due to the fact that particle size was determined on faeces collected by settling. This may have led to a nonrepresentative sampling of faecal pellets. The collection method may have selected on the stable part of the faecal pellets, that is, thereby standardizing the faecal pellet size already.
| CONCLUSION
Increasing dietary viscosity by inclusion of GG had no positive impact on faecal waste management in striped catfish culture, because it negatively affected nutrient digestibility and also reduced the removal efficiency of faeces from the water by settling. Faecal pellet stability was not enhanced with increasing dietary viscosity indicated by the absence of impacts on faecal viscosity and faecal pellet size.
Grinding the ingredients on different screen size had no impact on the characteristics of the egested faeces. However, due to impacts on digestibility, the grinding procedure altered the amount of faecal waste produced. Grinding at a larger screen size (1 mm versus 0.8 mm)
increased the digestibility of DM and carbohydrate but the elevating impact on the feed conversion ratio dependent on the dietary viscosity.
